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INTRODUCTION
Exome or genome sequencing, collectively referred to as genomic sequencing (GS), provides unparalleled opportunities to screen thousands of disorders in newborns that have previously been considered impossible to detect. In addition to identifying risks for treatable childhood-onset diseases, GS may also allow early intervention to improve the outcome for many other genetic disorders, avoid the diagnostic odyssey in ill newborns, make genomic data available for future indications, provide pharmacogenomic information for guiding drug use, and help in reproductive planning. Although there are many benefits, concerns such as identification of variants of uncertain significance and social and economic implications of the findings need to be addressed before GS is more widely adopted.
Another major challenge restricting the wider application of GS is interpreting the vast amount of genomic data within a short timeframe. To ensure that only results of high predictive value are returned, best practice today calls for thorough review of evidence for each variant. 1 Laboratories often use bioinformatics tools to reduce the number of variants requiring manual assessment based on a set of filtration criteria such as allele frequency, predicted protein impact, and reported pathogenicity claims. However, an important part of the interpretation process-determining whether the gene impacted by the variant is strongly associated with disease and meets criteria to be returned-involves manually reviewing the validity of each gene's role in disease and assessing the utility of returning the result using attributes such as penetrance and age of onset. At present, there is no resource of genes curated for these attributes, making analysis laborious and time-consuming. Although it is currently not feasible to predefine all diseasecausing variants in advance, it is possible to curate diseaseassociated genes and predetermine which are appropriate to be reported in a newborn GS (nGS) scenario. Creating and sharing a list of nGS target genes would help accelerate and standardize the interpretation process and facilitate the use of this technology to support newborn screening (NBS) programs.
The BabySeq Project is a randomized, controlled trial to explore medical, behavioral, and economic outcomes associated with the use of GS in newborns. To facilitate nGS results Submitted interpretation, we curated 1,514 genes for evidence supporting the gene's role in disease, age of onset, penetrance, and mode of inheritance based on a set of criteria determined by our interdisciplinary group of clinical and molecular geneticists, pediatricians, neonatologists, and biomedical ethicists. Using this information, we classified each gene as to whether it met the criteria to be returned in nGS. To provide proof of principle that our curated gene-disease association reference list facilitates results interpretation in nGS, we utilized it in the analysis of the first 15 newborns sequenced in the BabySeq Project.
MATERIALS AND METHODS

The BabySeq project
Two cohorts of newborns and their parents were enrolled in the BabySeq Project: (i) healthy newborns from Brigham and Women's Hospital Well Newborn Nursery and (ii) ill newborns from Boston Children's Hospital's neonatal intensive care unit. Family histories were obtained for each participant at enrollment in a genetic counseling session. Half of the newborns in each cohort were randomized to receive standard care and genetic counseling based on their family histories only; the others received GS in addition to standard care and genetic counseling based on both their GS results and family histories. GS reports of those randomized to receive sequencing were entered into the newborn's medical record. The impact of GS on newborn clinical care, parent and physician behaviors, and economic outcomes were evaluated in parents using baseline, 3-month, and 10-month postdisclosure surveys and in clinicians using baseline, postdisclosure (GS arm only), and end-of-study surveys. This study was approved by the Boston Children's Hospital and Partners institutional review boards. Informed consent was obtained from each participant.
Generation of a gene-disease association reference list
Each specific gene-disease pair was curated for the following attributes:
Validity of gene-disease association. Evidence that the gene has a causal role in disease was determined based on the framework released by the Clinical Genome Resource (ClinGen) Gene Curation Working Group (https://www. clinicalgenome.org/working-groups/gene-curation/projectsinitiatives/clinical-validity-classifications/). In this method, the validity of a gene-disease association is evaluated by reviewing the evidence reported in the literature, such as the number of families with pathogenic variants in the gene and functional studies, and classified into the following categories: conflicting evidence, no reported evidence, limited evidence, moderate evidence, strong evidence, and definitive evidence.
Age of onset. The youngest age at which individuals with pathogenic variants in the gene presented with disease was curated based on available information in the literature and classified into the following categories: ≤2 years of age, 2-10 years of age, 10-18 years of age, and >18 years of age.
Penetrance. Estimated penetrance was curated based on the phenotype information for reported individuals in the literature and classified as "high" if ≥80% of individuals were symptomatic, "moderate" if 20-80% of individuals were symptomatic, and "low" if <20% of individuals were symptomatic. Because our assertions regarding penetrance were based on the literature without direct phenotyping of individuals, our approach was limited by the number of reported individuals and the phenotype description for affected and control individuals; therefore, our classifications reflect an estimate based on the available literature. To reflect the amount of evidence, a confidence rank was added to each assertion if the assertion was made for (i) genes with definitive or strong evidence and a large number of families or (ii) genes with only a small number of families (moderate evidence-level genes). For genes with limited or conflicting evidence, penetrance was not assessed and was noted as "unknown. "
Inheritance. The most common inheritance pattern for the gene was determined.
Sequencing and results analyses
Sequencing and results analyses were performed as described in the Supplementary Materials and Methods online. Variants were assessed and classified as described.
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RESULTS
Establishing criteria for the return of results in nGS
Our interdisciplinary group determined a set of criteria for return of results in nGS that were incorporated into our BabySeq Project protocol. Two distinct reporting strategies were created for the two cohorts in our study in the context of returning results for screening purposes versus for diagnostic testing (Figure 1a) . A newborn genomic sequencing report (NGSR) was developed to return results relevant to both healthy and ill newborns. The criteria were developed to maximize benefit while minimizing uncertainty from reporting disorders with low penetrance, late onset, or suboptimal evidence for association. The NGSR was restricted to four groups of results: (i) childhood-onset (earliest reported onset before the age of 18) disease risk, involving genes with at least strong evidence to cause highly penetrant childhood-onset disorders; (ii) genes with moderate evidence and/or moderate penetrance associated with conditions for which action during childhood may prevent a devastating outcome later in life, considering that the benefit of learning that a newborn has a pathogenic variant in such a gene is likely to outweigh the uncertainty in disease risk; (iii) genes with strong pharmacogenomic associations (class 1 and 2A genes in the PharmGKB database (https://www.pharmgkb.org)) that are relevant to the pediatric population, including RYR1 associated with malignant hyperthermia, TPMT associated with thiopurine toxicity, and G6PD associated with hemolytic anemia due to glucose-6-phosphate dehydrogenase deficiency; and (iv) carrier status for any gene meeting these criteria (Figure 1b,c) . Only pathogenic and likely pathogenic variants in these genes were included in the NGSR. Although only variants classified as pathogenic or likely pathogenic are returned to healthy infants, our group determined that all variants with evidence to support a clear or possible contribution to the infant's indication should be returned for ill newborns, consistent with professional guidelines. 4 Hence, variants of uncertain significance in genes relevant to the newborn's clinical indication, even if the gene has moderate or limited evidence to cause the specific indication, are also returned to provide an opportunity for follow-up studies that may help clarify their clinical significance (Figure 1 ).
Identifying genes that meet criteria for reporting in NGSR and indication-based analyses
Our interdisciplinary group determined the set of rules for classifying each attribute. The following approach was used to ensure that genes associated with common genetic conditions that may present or be actionable during childhood were prioritized in the curation process. First, 430 genes defined as pediatric disease genes by Bell and colleagues 5 were curated. Second, to identify genes associated with later onset or incomplete penetrance conditions for which action during childhood might prevent a devastating outcome, we searched for diseases known to our study team to be adult-onset or to have incomplete penetrance so they could be evaluated for validity and actionability. This search generated 113 genes, including 56 genes recommended by the American College of Medical Genetics and Genomics to be returned as incidental findings 6 and additional genes associated with cardiomyopathy, cardiac conduction disease, breast and/ or ovarian cancer, gastric cancer, nevoid basal cell carcinoma, melanoma, dyskeratosis congenita, pituitary adenoma, familial Alzheimer disease, Parkinson disease, amyotrophic lateral sclerosis, myofibrillar myopathy, spinal and bulbar muscular atrophy, oculopharyngeal muscular dystrophy, aceruloplasminemia, glycogen storage disorders, amyloidosis, and diabetes. Finally, to prioritize additional genes and accelerate indication-based analysis for ill newborns, lists of genes associated with 15 common newborn conditions encountered in Boston Children's Hospital's neonatal intensive care unit (hyperbilirubinemia, hypoglycemia, bowel dysfunction, hypothyroidism, hearing loss, respiratory disorder, inborn errors of metabolism, congenital heart disease, hypotonia, seizures, anemia/thrombocytopenia, thrombophilia, renal disease, skeletal dysplasia, and dermatologic disease) were created by assembling all genes reported in association with these presentations in the literature, through searching in OMIM (Online Mendelian Inheritance in Man), HGMD (the Human Genome Mutation Database), and PubMed. In addition, new genes were curated during the analysis of variants identified in BabySeq cases if the gene had not been previously curated. As of October 2016, curation of 1,514 gene-disease pairs has been completed, which includes 1,395 genes associated with one or more conditions (Supplementary Table S1 online). Curation of all genes associated with six common newborn disorders (hyperbilirubinemia, hypoglycemia, bowel dysfunction, hypothyroidism, hearing loss, and respiratory distress) has been completed. Curation of genes associated with the remaining nine common neonatal intensive care unit disorders is ongoing.
Based on criteria consistent with the ClinGen clinical validity framework, 34% of the gene-disease pairs had definitive, 33% had strong, 16% had moderate, and 16% had limited evidence for association (Figure 2) . Two genes, MYBPC3 and TMPO, Figure 1 Return of results criteria in the BabySeq project. (a) All newborns in the sequencing group receive a newborn genomic sequencing report (NGSR) that returns risk and carrier status for childhood-onset disease and pharmacogenomics variants that may be relevant to the pediatric population. In addition, sick newborns receive an indication-based analysis (IBA) that returns all variants with evidence to cause or contribute to the infant's disease, with an option to query pharmacogenomics variants related to the infant's care. (b) Criteria for genes to be included in the NGSR and IBA. NGSR was limited to genes with strong evidence to cause highly penetrant childhood-onset disorders; while genes related to the infant's clinical features with moderate evidence or moderate penetrance or typically present at later ages were also included in IBA. When a specific disease is suspected based on the infant's presentation, genes associated with that disease with limited evidence or low penetrance may also be returned. (c) Criteria for variants to be included in the NGSR and IBA. Only pathogenic and likely pathogenic variants were returned in the NGSR, whereas IBA also included variants of uncertain significance in genes associated with the infant's indication. had conflicting evidence for a causal role in dilated cardiomyopathy. The majority (94%) of the genes were associated with diseases presenting during childhood (<18 years), with 79% presenting at age ≤2 years, whereas only 6% presented during adulthood; however, it should be noted that the genes were selected primarily for pediatric presentation. Our understanding of penetrance is limited by the number of individuals screened for a particular gene or a variant in an unbiased manner and how well those individuals have been phenotyped. Therefore, our annotations of penetrance should be considered with this limitation. Based on the information available, approximately 73% of genes had high, 9% had moderate, and 1% had low penetrance. This classification was made with high confidence for 1,023 genes that had data from a large number of individuals (definitive or strong evidence) and with lower confidence for 246 genes with a smaller number of families (moderate evidence). We did not attempt to define penetrance for the 16% of curated genes that had limited or conflicting evidence.
Among the 1,023 genes with strong and definitive evidence for disease association, 97% were reported to present before age 18 years, with 81% presenting during infancy (≤2 years) (Figure 2) . Furthermore, 88% of these genes had high, 11% had moderate, and 1% had low penetrance.
Based on the results of our curation, we classified gene--disease pairs into three categories.
Category A: genes included in the NGSR with definitive or strong evidence to cause a highly penetrant childhood-onset disorder Pathogenic variants in genes under this category have a high predictive value for a childhood-onset disorder and therefore meet our criteria to be returned in nGS. Return of such variants would provide more reliable information about risk for childhood-onset disease. Overall, 884 (58%) gene-disease pairs were in this category (Supplementary Table S1 online).
Category A includes four groups of genes (for a representative group of genes in category A, see Table 1 ). The first group is associated with diseases for which most affected individuals were symptomatic at birth or during the newborn period. For such diseases, GS may eliminate the need for extensive clinical tests and reduce diagnostic odysseys. The second group includes genes associated with disorders that presented soon after birth and had treatment opportunities available. Some of these disorders are detectable by tandem mass spectrometry or other assays and are currently tested by conventional NBS programs. The third group is associated with diseases that present during childhood and would benefit from early intervention but currently are not tested in conventional NBS programs, such as lysosomal storage diseases or immunodeficiencies that are not detectable by T-cell-receptor excision circle assays. Finally, the fourth group of genes present during childhood and have no effective treatment opportunities available at present, although knowledge at birth may still be beneficial to improve the health care and quality of life of the newborn and family. These benefits include timely supportive care, reducing the diagnostic odyssey when symptoms develop, preparation for the care of an ill child, and allowing family counseling and reproductive planning.
Category B: genes included in the NGSR based on actionability during childhood
This category consists of genes with moderate evidence or moderate penetrance for which professional guidelines or expert opinion determined that noninvasive interventions would be likely to improve the outcomes. Genes associated with diseases such as cardiomyopathies, cardiac conduction diseases, and certain cancer syndromes for which noninvasive screening during childhood may allow early detection were placed into this category. [7] [8] [9] [10] [11] These genes may be included in the NGSR because the benefits of preventing a devastating outcome are likely to outweigh the uncertainty of disease risk. Two groups of genes were considered to fall into this category: (i) genes with moderate evidence and/or penetrance for which noninvasive intervention during childhood may prevent a devastating outcome and (ii) genes associated with diseases that typically present in adulthood but for which noninvasive intervention during childhood may significantly improve the clinical outcome (Supplementary Table S2 online). An example of a gene in this category is MYBPC3, which is associated with hypertrophic cardiomyopathy. MYBPC3 has definitive evidence for a causal role in hypertrophic cardiomyopathy, which may present during childhood. [12] [13] [14] [15] [16] [17] [18] [19] Although the penetrance is only moderate, knowing this risk at birth may allow routine surveillance by echocardiography and noninvasive interventions when needed, which would provide tremendous benefits for reducing the risk of sudden cardiac death.
Seventy genes were placed in category B. Overall, 954 of the curated 1,514 gene-disease associations (63%) were in categories A and B and therefore met criteria to be returned.
Category C: genes that did not meet criteria to be returned in the NGSR
This category consists of genes excluded from reporting in the NGSR either due to having insufficient (moderate/limited/no/ conflicting) evidence to cause disease or having low/moderate penetrance, therefore having low predictive value, or due to being associated with adult-onset conditions for which there is no evidence that noninvasive intervention during childhood may improve outcome ( Table 2) . These genes did not meet our reporting criteria for healthy newborns or as incidental findings for newborns with unrelated indications; however, they may be returned in an indication-based analysis if associated with the patient's symptoms. If additional evidence supporting the gene's role in disease or suggesting earlier disease onset becomes available in the future, then these genes may be reclassified for inclusion in the NGSR. All of these variants were heterozygous and conferred carrier status for highly penetrant recessive childhood-onset disorders. No variants with strong evidence to suggest childhoodonset disease risk were identified. Eleven of 15 cases had at least one carrier status variant reported (six newborns had one, four had two, and one had four carrier status variants; four had none).
Assessment time for each rare variant ranged between 10 minutes and 4 hours, depending on the available literature. Excluding 41% of the median number of 14 variants/exome from further assessment saved several hours in the interpretation process.
DISCUSSION
To accelerate interpretation and facilitate integration of GS into infant care, we curated 1,514 genes and classified them based on the appropriateness for return in nGS, using criteria established by our expert group. Our expectation is that future criteria for return of results in nGS will benefit from insights gathered in the BabySeq Project and similar studies.
The validity of gene-disease associations were classified using criteria based on the ClinGen clinical validity framework. It should be noted that the intent of the framework was to provide a provisional classification that is subsequently reviewed and finalized by disease experts; many of the validity assessments have not yet been approved by experts. 
APP
Alzheimer's disease Strong Adulthood Low Adult-onset: Alzheimer's disease is an adult-onset condition and there is currently no intervention during childhood that may improve the outcome.
33-35
BRCA1
Breast cancer Strong Adulthood High Adult-onset: BRCA1-associated breast cancer has not been reported in individuals younger than 18 years of age and currently there is no evidence that screening during childhood may allow early detection or significantly improve the outcome.
36-39
GTF2H5 Trichothiodystrophy Moderate Childhood High
Moderate evidence: Although the gene has been reportedly associated with presentation during childhood with high penetrance, there is currently a moderate level of evidence for a causal role in disease.
CCDC78 Congenital myopathy
Limited Childhood High Limited evidence: CCDC78 has been reported in association with congenital myopathy with high penetrance based on the small number of reported individuals. However, there is currently limited evidence for this gene's role in disease.
ACMG, American College of Medical Genetics and Genomics; DVT, Deep vein thrombosis.
Volume 19 | Number 7 | July 2017 | Genetics in meDicine There are no guidelines for defining categories of age of onset or penetrance of genes. Therefore, we generated our own criteria to curate these attributes. Because the pathogenic mechanism and, thus, the expression of the phenotype may differ for each gene, we made our classifications at the gene level. The assertions regarding penetrance and age of onset were made with higher confidence for genes that had definitive or strong evidence due to the larger amount of data available for these genes. Our ability to evaluate these attributes was limited by the phenotype reports in the literature, which are undoubtedly biased toward diseased individuals due to the common use of families enriched with multiple relatives with the condition.
Among the 1,514 gene-disease associations curated, 32% did not have a strong or definitive level of evidence for a causal role in disease, suggesting that caution should be exercised in interpreting variants identified in these genes. Age of onset was younger than 18 years for 94% of curated genes. This large percentage is partly due to prioritization of genes associated with newborn presentations. Because we started with genes defined as disease-causing in the literature, none of the genes in our list were classified as having no evidence for a role in disease. As a result of this prioritization, the statistics of our curated list are likely to be different than those for a randomly selected list of genes. However, it is interesting that although genes associated with pediatric disorders were prioritized, only 63% met criteria to be returned in the NGSR. This result emphasizes the need for expert review of genes to determine appropriateness for reporting in nGS.
Although we established a strict set of criteria for the return of results, the decision regarding whether a gene met NGSR criteria was challenging for many genes. One such group of genes presented with a mixed phenotype that partially met reporting criteria. For example, there was moderate evidence that the FLNC gene is associated with myofibrillar myopathy, a disease including myopathy and cardiac arrhythmias. Although cardiac arrhythmias may be considered actionable during childhood, reporting pathogenic variants in this gene would disclose information regarding risk for adult-onset myopathy, which does not meet NGSR reporting criteria. Therefore, FLNC was considered as not meeting NGSR criteria. Another group of challenging genes had low penetrance; however, knowing that a person has pathogenic variants in them may be beneficial to avoid precipitating factors and may have a positive impact on the clinical outcome. An example is HMBS, which is an established gene for acute intermittent porphyria with low penetrance (approximately 10% are symptomatic). This gene does not meet reporting criteria due to low penetrance; however, learning about the risk for acute intermittent porphyria at birth may provide the opportunity to avoid precipitating factors and reduce the risk for acute attacks. As we learn more about the benefits and risks of returning such information in nGS, genes similar to FLNC and HMBS may be included in future nGS.
The majority of the 954 genes meeting NGSR criteria were associated with recessive conditions. This implies that if the carrier status for recessive disorders is reported in nGS, then it may have a significant impact on the number of individuals with reported variants. Indeed, carrier status variants were identified in the majority of the first 15 BabySeq cases. Returning carrier status in nGS may be helpful for the child and family members in future reproductive planning and may provide clinically significant information for some recessive disorders for which carrier individuals may have mild presentations. However, adequate genetic counseling is essential to ensure that results are well understood and that follow-up testing options are available for parents to estimate their reproductive risk. Although there is literature regarding the impact of returning carrier status information to children, these studies generally focus on adolescents with a family history of disease. There are currently no There is ongoing debate about genetic testing for adultonset disorders in children and whether nondisclosure of adult-onset disease risk may do more harm to both the child and the family, especially if the disorder is actionable. [20] [21] [22] One example is BRCA1 variants associated with breast cancer risk. It is true that there is currently no intervention in childhood known to impact the outcome of breast cancer. However, withholding this information may lead to the possibility of never receiving the result throughout their lifetime if later analysis is not pursued, thus losing the benefit of early intervention, which may be lifesaving. Furthermore, returning pathogenic variants in BRCA1 in a newborn would also disclose that one of the parents probably harbors the same variant. Early intervention based on this knowledge may have lifesaving consequences for the infant's parent, which in turn could obviously impact the child's quality of life. This subject will certainly continue to be discussed as the use of GS for children increases. Alternative approaches may include optin by the parents to receive adult-onset disease risk information for their newborn.
Although we periodically update our classifications for previously curated genes, because new information is published constantly, our reference list should not be considered final. Despite this limitation, the reference list was useful for facilitating results interpretation in the first 15 BabySeq cases and eliminated the need for manual variant assessment for 41% of detected rare variants in genes reported as Mendelian disease genes. This exclusion rate is expected to increase as additional genes are curated. Our curated list is available as Supplementary Table S1 online, and future updates will be made available online as a public resource.
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